Introduction
The chemistry of uranium in its highest oxidation state has held scientists fascination for a long period of time. The uranyl moiety, [UO 2 ] 2+ , is well studied in aqueous phases due, in part, to relevance in the nuclear waste treatment. Moreover, the photophysical properties of uranyl were first used in ancient roman times in colored glass [1] , whilst comprehensive understanding of the bonding, and therefore photophysical properties, has come from both experiment and theory. An authoritative review by Denning summarizes these fundamental developments [2] , and further reviews cover recent results [3] [4] [5] [6] . The photophysical properties of the uranyl ion have been elucidated from these studies and the optical properties are due to a ligand-to-metal charge transfer (LMCT) transition involving promotion of an electron from a bonding -yl oxygen orbital (σ u , σ g , π u and π g ) to a non-bonding 5f δ and 5f φ orbital on uranium. De-excitation of this 3 Π u triplet excited state causes the characteristic green emission at ca. 500 nm. Visible on the absorption and emission bands are the vibronic progression arising from strong coupling of the ground state Raman active symmetric vibrational O=U=O (ν 1 ) mode with the 3 Π u electronic triplet excited state. Time resolved studies allow sometimes complex speciation in water to be deconvoluted [7] , whilst in non-aqueous media the positions of the emission maxima and lifetimes can be used as electronic and structural probes. For instance in the family of complexes trans-[UO 2 X 2 (O=PPh 3 ) 2 ] (X = Cl, Br, I) the photoluminescent properties do not vary [8] , but for the compounds trans-[UO 2 Cl 2 L 2 ] (L = Ph 3 P=NH, Ph 3 P=O and Ph 3 As=O) a red shift in the O yl ÑU LMCT band is observed, in line with the increased donor strength of the ligand [9] . A further interesting photophysical property of certain uranyl compounds are thermochromic effects. Thus the compound [C 4 mim] 3 [UO 2 (NCS) 5 ] (C 4 mim = 1-butyl-3-methylimidazolium) is thermochromic in ionic liquids [10] but in organic solvents [Et 4 N] 3 [UO 2 (NCS) 5 ] is not [11] . We have reported on the latter compound recently and now extend our study to the selenocyanate [ 
Results and Discussion
The synthesis of [Et 4 N] 3 [UO 2 (NCSe) 5 ], 1, was conducted in a comparable way to that for the thiocyanate derivatives. Thus uranyl nitrate was treated with five equivalents of K[NCSe] followed by three equivalents of Et 4 NCl in acetonitrile. A yellow precipitate was formed which was soluble in dichloromethane or acetone. We have noted that whilst this compound is air and moisture stable, it is somewhat light sensitive so reactions were conducted in the dark; the uranium(IV) compound [ n Pr 4 N] 4 [U(NCSe) 8 ] was also reported to be light sensitive [12] . Decomposition to red selenium powder was sometimes observed but the fate of the uranium was not determined. An alternative route to this compound was to treat a THF solution of [UO 2 Cl 2 (THF) 3 ] sequentially with K[NCSe] and Et 4 NCl. 1 was characterized by spectroscopic methods and single crystals were grown from slow evaporation of an acetonitrile solution. Unfortunately, crystals grown from different solvents always proved to be twinned so refinement to a satisfactory standard was not possible, however it did prove atom connectivity ( Figure S1 ). During the course of one experiment, a few single crystals which had a different morphology were observed; these were separated by hand and the structure was solved to be [Et 4 
The solid state structure of 2 is shown in Figure 1 and the packing shown in Figure 2 . The structure of 2 contains disorder in two of the Et 4 N + cations and the uncoordinated [NCSe]´anion which were modelled with restraints and constraints. The geometry around the uranyl in 2 are a typical pentagonal bipyramid with linear NCSe fragments and the N¨¨¨N intramolecular distances are similar to that seen in [Et 4 N] 3 [UO 2 (NCS)] 5 (2: 2.89 Å; NCS: 2.87 Å) [13] . The U=O bond length is 1.771(2) Å and average U-N, N=C and C=Se bond lengths of 2.459 Å, 1.149 Å and 1.794 Å respectively can be compared to the uncoordinated [N=C=Se]´ion (N=C: 1.081(14) Å and C=Se: 1.846(7) Å) in 2. Upon coordination to the uranyl ion the N=C bond lengthens slightly and the C=Se bond shortens slightly, suggesting a reorganization in the π-framework of the ligand; this effect has also been observed in uranyl thiocyanates experimentally and theoretically [11, 14] 8 ] (An = Th, U, Pu) [16] , the lack of perturbation of the π-system in the [NCS(e)]´ligands suggests no π-overlap in the U-N bond.
The packing diagram ( Figure 2 ) shows that the structure is a layer type where the cationic components sit between layers of uranyl ions. Hydrogen bonds between the U=O and H-C of the cations link these layers (d C¨¨¨O = 3.175-3.300Å), as now commonly observed [17] . There are also number of Se¨¨¨H-C short contacts. The most recent IUPAC definition of a hydrogen bond states that "in most cases, the distance between H and Y are found to be less than the sum of their van der Waals radii" [18] . According to this criterion, and using van der Walls radii taken from reference [19] , H¨¨¨Se distances of less than 3.02 Å are classed as hydrogen bonds. These form a link between the layers via a C-H of an ethyl group and a Se atom in the coordinated and non-coordinated [NCSe] anion (d C¨¨¨Se = 3.687(16)-3.856(10); C-H¨¨¨Se = 142˝-155˝) [20] . Also present in the structure are close contacts between a coordinated selenium atom and the selenium of the non-coordinated [NCSe]´(3.427(1) Å) that are shorter than the van der Waals radii (3.64 Å) [19] . Chalcogen-chalcogen interactions have been studied both experimentally [21, 22] , and in the case of [NCS]´also for uranyl (S¨¨¨S = 3.536(2) Å) [15] , and theoretically [23, 24] . This may explain the difficulty in growing single crystals of 1 as these weak interactions may be important. Further studies are underway in our laboratory and will be reported on in due course. 1 has been spectroscopically characterized, whilst for 2 there was not enough material. The uranyl group has characteristic vibrations in both the infrared and Raman spectra (Figures S2 and S3). For 1 these bands occur at 921 cm −1 (IR) and 845 cm −1 (R) comparable to the thiocyanate analogue 924 (IR) and 849 cm −1 (R) respectively. The N=C stretching frequency at 2056 cm −1 (IR) and 2051, 2060, 1 has been spectroscopically characterized, whilst for 2 there was not enough material. The uranyl group has characteristic vibrations in both the infrared and Raman spectra ( Figures S2 and  S3 ). For 1 these bands occur at 921 cm −1 (IR) and 845 cm −1 (R) comparable to the thiocyanate analogue 924 (IR) and 849 cm −1 (R) respectively. The N=C stretching frequency at 2056 cm −1 (IR) and 2051, 2060, 1 has been spectroscopically characterized, whilst for 2 there was not enough material. The uranyl group has characteristic vibrations in both the infrared and Raman spectra ( Figures S2 and S3 ). [11] , whilst the C=Se stretch of 1 is visible in the Raman spectrum at 635 and 672 cm´1. 1 H NMR spectroscopy was uninformative ( Figure S4 ). 13 C{ 1 H} NMR spectroscopy shows the resonance attributable to the selenocyanate at 117.4 ppm whilst a single peak is observed at´342.4 ppm in the 77 Se{ 1 H} NMR spectrum. For comparison, in our hands these peaks occur in K[NCSe] at 119.2 and 314.2 ppm respectively. Therefore, on the basis of the metric parameters from the X-ray structure, vibrational and NMR spectroscopic data we suggest that the bonding in these compounds are ionic with little perturbation of the [NCSe]´anionic fragment upon coordination. Our recent theoretical study of the [NCS]´compound suggested a predominantly ionic interaction [11] .
The photophysics of this compound has also been investigated (Figure 3) . The electronic absorption spectrum of 1 (Figure 3a) shows a broad featureless band at 320 nm (ε = 1,132 mol´1¨cm´1) assigned to transitions due to the [NCSe]´fragment and a weak vibronically coupled band at 460 nm (ε~100 mol´1¨cm´1) due to the LMCT uranyl band. Excitation at 340 nm gives an emission spectrum typical for a uranyl moiety (Figure 3b) . Pertinent properties are recorded in Table 1 , along with a comparison for the uranyl thiocyanate and other pseudohalides. The average vibronic progression of the emission bands are coupled to the Raman active vibrational modes, which at 861 cm´1 is in close agreement with that measured in the Raman spectrum (849 cm´1). The individual spacing (828, 868 and 888 cm´1) reflect the transition of the vibronic parabola from harmonic to anharmonic. The luminescence lifetime of 1 was determined by the correlated single photon counting on the microsecond scale following excitation at 372 nm with a nanoLED (Table 1 ). The kinetic decay profile was fitted to a mono-exponential decay and the luminescence lifetime for 1 was measured to be 1.30˘0.02 µs. No significant change in lifetime was observed for the different pseudohalide systems given in Table 1 . Given the ionicity of the U-N bond, ligand exchange processes may be faster than the lifetime of the uranyl excited state and so contributes to the shorter lifetime [25] . [11] . The photophysics of this compound has also been investigated (Figure 3) . The electronic absorption spectrum of 1 (Figure 3a) shows a broad featureless band at 320 nm (ε = 1,132 mol −1 ·cm −1 ) assigned to transitions due to the [NCSe] − fragment and a weak vibronically coupled band at 460 nm (ε ~ 100 mol −1 ·cm −1 ) due to the LMCT uranyl band. Excitation at 340 nm gives an emission spectrum typical for a uranyl moiety (Figure 3b) . Pertinent properties are recorded in Table 1 , along with a comparison for the uranyl thiocyanate and other pseudohalides. The average vibronic progression of the emission bands are coupled to the Raman active vibrational modes, which at 861 cm −1 is in close agreement with that measured in the Raman spectrum (849 cm −1 ). The individual spacing (828, 868 and 888 cm −1 ) reflect the transition of the vibronic parabola from harmonic to anharmonic. The luminescence lifetime of 1 was determined by the correlated single photon counting on the microsecond scale following excitation at 372 nm with a nanoLED (Table 1 ). The kinetic decay profile was fitted to a mono-exponential decay and the luminescence lifetime for 1 was measured to be 1.30 ± 0.02 μs. No significant change in lifetime was observed for the different pseudohalide systems given in Table 1 . Given the ionicity of the U-N bond, ligand exchange processes may be faster than the lifetime of the uranyl excited state and so contributes to the shorter lifetime [25] . (MeBu3N[Tf2N] ) 509 20,329 0.7 [26] We have also briefly examined the electrochemistry of 1 (Figure 4 We have also briefly examined the electrochemistry of 1 (Figure 4 ). 5 ] would be predicted to be quite unstable as it is now established that good π-donors and/or sterically bulky groups in the equatorial plane are required for stabilization of this unusual oxidation state [27, 28] ; although, there is evidence for the kinetic stabilization of the [UO 2 ] + ion in ionic liquids [29] [30] [31] . Any instability would manifest itself in an irreversible reduction, which is indeed what is observed. Also observed in this voltammogram is a broad, poorly defined irreversible oxidation at E p,a = + 0.09 V (vs. Fc/Fc + ) which is not observed at low scan rates, indicating the instability of this species. Given that the metal is in its highest oxidation state, it can be assigned as ligand based; we have observed similar behavior in the uranyl thiocyanate analogue (E p,a = + 0.30 V vs. Fc/Fc + ) and extends the family of uranyl coordinated to redox non-innocent ligands [11, 32] . would be predicted to be quite unstable as it is now established that good π-donors and/or sterically bulky groups in the equatorial plane are required for stabilization of this unusual oxidation state [27, 28] ; although, there is evidence for the kinetic stabilization of the [UO2] + ion in ionic liquids [29] [30] [31] . Any instability would manifest itself in an irreversible reduction, which is indeed what is observed. Also observed in this voltammogram is a broad, poorly defined irreversible oxidation at Ep,a = + 0.09 V (vs. Fc/Fc + ) which is not observed at low scan rates, indicating the instability of this species. Given that the metal is in its highest oxidation state, it can be assigned as ligand based; we have observed similar behavior in the uranyl thiocyanate analogue (Ep,a = + 0.30 V vs. Fc/Fc + ) and extends the family of uranyl coordinated to redox non-innocent ligands [11, 32] . 
Experimental Section
Caution! Although depleted uranium was used during the course of the experimental work, as well as the radiological hazards uranium is a toxic metal and care should be taken with all manipulations. Experiments were carried out using pre-set radiological safety precautions in accordance with the local rules of Trinity College Dublin.
1 H, 13 C{ 1 H} and 77 Se{ 1 H} NMR spectra were recorded on an AV400 spectrometer (Bruker, Karlsruhe, Germany) operating at 400.23, 155.54 and 76.33 MHz respectively, and were referenced to the residual 1 H resonances of the solvent used or external Me2Se. IR spectra were recorded on a Spectrum One spectrometer (Perkin Elmer, Norwalk, CT, USA) with attenuated total reflectance (ATR) accessory. Raman spectra were obtained using 785-nm excitation on a 1000 micro-Raman system (Renishaw, Wotton-under-Edge, UK) in sealed capillaries. X-ray crystallography data were measured on an Apex diffractometer (Bruker). The structures were solved by direct methods and refined on F2 by full matrix least squares (SHELX97) using all unique data. CCDC 1424467 contains the supplementary crystallographic data for this paper. This data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. UV-Vis measurements were made on a Lambda 1050 spectrophotometer (Perkin Elmer USA), using fused silica cells with a path length of 1 cm. Steady-state photoluminescence spectra were recorded on a Fluorolog-3 spectrofluorimeter (Horiba-Jobin-Yvon, Stanmore, UK). Luminescence lifetime data were recorded following 372 nm excitation, using time-correlated single-photon counting (a PCS900 plug-in PC card for fast photon counting). Lifetimes were obtained by tail fit on the data obtained, and the quality of fit was judged by minimization of reduced chi-squared and residuals squared. Cyclic voltammetry measurements were conducted in a standard three-electrode cell using a high performance digital potentiostat (CH model 1760 D Bi-potentiostat system monitored using CH1760D electrochemical workstation beta software). All solutions were degassed for 15 min before commencing analysis. A platinum electrode with a diameter of 2 mm was employed as the working 
1 H, 13 C{ 1 H} and 77 Se{ 1 H} NMR spectra were recorded on an AV400 spectrometer (Bruker, Karlsruhe, Germany) operating at 400.23, 155.54 and 76.33 MHz respectively, and were referenced to the residual 1 H resonances of the solvent used or external Me 2 Se. IR spectra were recorded on a Spectrum One spectrometer (Perkin Elmer, Norwalk, CT, USA) with attenuated total reflectance (ATR) accessory. Raman spectra were obtained using 785-nm excitation on a 1000 micro-Raman system (Renishaw, Wotton-under-Edge, UK) in sealed capillaries. X-ray crystallography data were measured on an Apex diffractometer (Bruker). The structures were solved by direct methods and refined on F2 by full matrix least squares (SHELX97) using all unique data. CCDC 1424467 contains the supplementary crystallographic data for this paper. This data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. UV-Vis measurements were made on a Lambda 1050 spectrophotometer (Perkin Elmer USA), using fused silica cells with a path length of 1 cm. Steady-state photoluminescence spectra were recorded on a Fluorolog-3 spectrofluorimeter (Horiba-Jobin-Yvon, Stanmore, UK). Luminescence lifetime data were recorded following 372 nm excitation, using time-correlated single-photon counting (a PCS900 plug-in PC card for fast photon counting). Lifetimes were obtained by tail fit on the data obtained, and the quality of fit was judged by minimization of reduced chi-squared and residuals squared.
Cyclic voltammetry measurements were conducted in a standard three-electrode cell using a high performance digital potentiostat (CH model 1760 D Bi-potentiostat system monitored using CH1760D electrochemical workstation beta software (328 mg, 2.4 mmol) . The solution mixture was stirred at room temperature for 60 min. The resulting orange solution was filtered and the solvent was reduced in volume. After 48 h at room temperature, the orange solution deposited orange-yellow crystals suitable for X-ray diffraction (408 mg, 0.34 mmol, yield = 43%). 
Conclusions
To summarize, we have prepared and structurally characterized the first uranyl complexes of a selenocyanate ligand, which feature some unusual Se¨¨¨Se chalcogenide interactions and Se¨¨¨H-C hydrogen bonding. Vibrational and structural data suggest that the U-N bond is ionic and there is little perturbation of the [NCSe]´fragment compared to K[NCSe]. A photophysical investigation has shown that there is a small shift in the positions of the bands compared to the analogous [UO 2 (NCS) 5 ] 3´c ompound and the lifetime of the emission does not vary significantly with the nature of the pseudohalide. Finally, an electrochemical investigation revealed that the putative uranyl(V) compound is unstable with respect to disproportionation whilst there is a ligand based oxidation, similar to that observed in the [UO 2 (NCS) 5 ] 3´a nalogue.
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